Abstract: Cemented paste backfill structures are complex underground cementitious structures. After fresh cemented paste backfill (CPB; a mix of tailings, binder and water) is poured into underground stopes (mined-out voids), its strength which is a key mechanical design criterion of CPB structures, gradually develops with time. The development of CPB strength is governed by the coupled thermo-hydro-mechanical-chemical (THMC) processes in the CPB mass. Therefore, to assess and predict the changes to CPB strength and its distribution within the CPB mass, a multiphysics model on CPB strength is proposed in this study, and has been successfully validated against a series of experimental data. Then, the validated model is used to investigate the changes in the strength of CPB structure under various influential factors in the field (e.g., backfilling strategy, inclination angle of stope, and filling rate). The obtained results provide better insight into the process of the strength increase and spatial distribution in CPB structures as well as contribute to more cost-effective engineering designs of CPB structures.
Introduction
Due to its significant environmental (Aldhafeeri and Fall 2016) , technical (Suazo et al. 2016a ) and economic (Cui and Fall 2015a ) benefits, cemented paste backfill (CPB; a cementitious material made of unclassified tailings (fine man-made aggregates), hydraulic binders, and water) has been widely applied in underground mines (Suazo et al. 2016b) . Since the failure of CPB structures can have substantial financial ramifications and cause severe injuries and/ or fatalities (Nasir and Fall 2009) , mechanical stability has been considered as a significant design criterion of CPB structures. To satisfy the design criterion of mechanical stability of CPB structures in underground mines, CPB strength is typically in the range of 0.5-2.5 MPa (Jefferis and Wilson 2012) . However, increases in CPB strength is substantially affected by the coupled thermo-hydro-mechanical-chemical (THMC) processes that occur in the CPB mass as shown in Fig. 1 and briefly discussed below.
Specifically, as binder hydration progresses, the resultant bonds between the tailings particles directly contribute to the development of CPB strength Yılmaz et al. 2014 ). Moreover, due to the temperature dependence of binder hydration (Barnett et al. 2006; Cui and Fall 2016b) , the thermal process can affect the development of CPB strength as well. For the hydraulic process, the pore-water consumption caused by binder hydration (Cui and Fall 2017b) and water drainage through the barricade (a retaining structure built at the floor base) (Cui and Fall 2017a) can cause the build-up of suction and thus increase the effective stress which can further improve the CPB strength. In addition, stope (underground mine excavation or cavity) backfilling can be carried out in many ways and thus affects the consolidation behavior of CPB (Cui and Fall 2016c) . As a result, the void ratio related properties, such as hydraulic conductivity, will change as well. Correspondingly, the pore-water pressure (PWP) and thus effective stress will be affected with the development of consolidation. In addition, as indicated in Fig. 1 , there are weak couplings (i.e., the dash line in Fig. 1 ) amongst the physical processes in CPB mass. The weak coupling or weakly coupled processes refers to the fact that the effect of a process on another is not significant. For instance, with the development of consolidation (i.e., the mechanical process), the hydraulic conductivity and fluid flow behavior (i.e., the hydraulic process) will be significantly affected. However, the effect of consolidation on the chemical processes is not significant, i.e. the effect is weak. Similarly, the binder hydration (chemical process) has a significant effect on the hydraulic process (e.g., change in pore water pressure due to the water consumption by cement hydration), whereas the hydraulic processes only weakly affect the binder hydration. Therefore, to accurately assess the development of CPB strength, the coupled THMC processes must be fully considered.
As the mechanical stability of CPB structures is important, there have been extensive studies that examine CPB strength at both the laboratory and in situ scales. These studies have identified several factors that significantly affect the development of CPB strength, such as the curing temperature (e.g., Wang and Fall 2014) , mixture recipe (e.g., Ercikdi et al. 2009; Hamberg et al. 2015) , sulphate content in the tailings (e.g., Fall et al. 2008; Li and Fall 2016) , curing pressure (e.g., Ghirian and Fall 2015; Yilmaz et al. 2011) , drainage conditions (e.g., Belem et al. 2006; Cui and Fall 2016b) , and filling strategy (e.g., Ghirian and Fall 2016b) . These experimental findings have provided in-depth insight into the changes to CPB strength. Moreover, several empirical and partially coupled mathematical models have been developed to predict the changes in CPB strength based on the controlling mechanisms. For instance, Xu et al. (2017b) proposed a logarithmic relationship between the CPB strength and electrical resistivity based on the laboratory measurements. Through ultrasonic pulse velocity tests, several empirical relationships (e.g., Xu et al. 2017a; Yılmaz and Ercikdi 2016) between CPB strength and ultrasonic pulse velocity have been established. In addition, to predict the CPB strength, Qi et al. (2018) proposed an original technique via a combination of the artificial neural network and particle swarm optimization. Apart from the empirical mathematical models, several partially coupled Multiphysics models have been developed to assess the strength developed in CPB. For instance, Nasir and Fall (2010) developed a hybrid numerical/analytical model to predict the changes in CPB strength with variations in the temperature and progression of binder hydration. This model can evaluate the changes in temperature in CPB and binder hydration with curing time. However, the proposed model on the strength of CPB did not take into consideration all of the main coupled THMC processes that occur in CPB structures which affect their strength development. Mozaffaridana (2011) proposed a maturity method to incorporate the combined effects of curing time and temperature into the prediction of CPB strength. However, this model requires measurements of CPB temperature during the prediction periods and does not consider the effects of the mixture recipe and mechanical load (e.g., stress) and deformation (e.g., consolidation); that is, the model is empirical. Similarly, based on a regression analysis on the unconfined compressive strength (UCS) values for different curing ages, an empirical correlation between CPB strength, curing time and sample size was proposed by Yilmaz et al. (2015) . Therefore, to accurately assess and predict the strength of CPB material subjected to complex multiphysics loadings, a fully coupled THMC model on CPB strength development is required. This THMC model on the strength of CPB will contribute to an optimal design of CPB structures and reliable analysis of their mechanical stability. Therefore, the aims of this paper include:
(1) To develop a multiphysics model on the strength of CPB, which fully considers the effects of coupled THMC processes, and (2) To investigate the changes in CPB strength in the field under different curing and loading conditions.
Modelling Approach
To develop the multiphysics model on CPB strength, the prerequisite is to quantitatively simulate: (1) the mechanical behavior (especially the stress-strain relationship obtained from UCS testing) and (2) changes in the mechanical properties. For the CPB materials, it has been found that chemical hardening and strain hardening/softening become more apparent with curing time (Belem et al. 2000; Fall et al. 2007) . Therefore, an evolutive elastoplastic model is needed to understand the stress-strain relationship of CPB with curing time. Correspondingly, if the hardening/softening behavior can be accurately evaluated (i.e., the mathematical description of the expansion (hardening) and contraction (softening) of the yield surface in stress space with the development of plastic strain), the CPB strength (i.e., the peak point of stress-strain curve) can be determined by using the first derivative test on the hardening/softening parameter with respect to the cumulative plastic strain. Moreover, to describe the effects of coupled THMC processes on the changes to the CPB strength, the related mechanical properties (e.g., cohesion and internal friction angle) cannot be considered constant with time (i.e., a predictive function for each mechanical property is required). In addition, it should be noted that CPB strength should be defined in terms of effective stress. Therefore, in the present study, Biot's effective stress is integrated into the derivation of the multiphysics model on CPB strength. Consequently, the pore fluid pressure (hydraulic process), volume change (mechanical process) induced by the consolidation process in CPB, binder hydration (chemical process) process and its temperature dependence (thermal process) are fully considered.
Mathematical Formulation
A yield function is required to derive CPB strength. Due to the influence of the binder hydration, the mechanical properties (e.g., cohesion and internal frictional angle) will change with time. Therefore, an evolutive elastoplastic mechanical model based on a modified Drucker-Prager (D-P) yield criterion was proposed by Cui and Fall (2016a) . This proposed model is adopted here to derive the model on CPB strength.
With a n; j
where I 1 and J 2 respectively represent the first stress invariant and the second deviatoric stress invariant; a and C denote the material properties of the yield function, and change with degree of binder hydration n and cumulative plastic strain j (j ¼ R ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 2=3de P de P p with plastic strain e P ), namely a = a(n, j) and C = C(n); B i is a material parameter and changes with the degree of binder hydration (i = 1-4); c B and / B are the cohesion and internal friction angle of the CPB, which are functions of the degree of binder hydration (c B = c B (n) and / B = / B (n)).
It should be noted that CPB strength must be defined in terms of the effective stress, r 0 . Therefore, Biot's effective stress is incorporated into the derivation of the model on CPB strength in the present study:
where r 0 and r denote the Biot's effective stress and total stress tensor, respectively; K b and K s respectively represent the bulk modulus of the CPB skeleton and solid phase; S is the degree of saturation; P w and P a refer to the pore-water and pore-air pressures; and d ij is the Kronecker's delta. It should be noted that the compressive stress is taken to be negative in this study.
For the stress state of CPB under UCS testing, the ''true'' strength of the CPB, r s , should be defined in terms of the peak value of the axial total stress, r p axial , pore-water pressure P w , and pore-air pressure P a :
It should be noted that for the measurement method of the UCS (i.e., uniaxial compressive strength test), the measured peak stress refers to the axial stress applied by using a UCS device, namely, the measured peak stress value equals r p À axial . Correspondingly, the stress invariants can be rewritten in terms of r p À axial :
Therefore, the peak value of the axial total stress r p À axial can be solved by substituting Eqs. (5) and (6) into the yield function (i.e., Eq. (1)):
where j s refers to the value of the cumulative plastic strain when a(n, j) reaches its peak point. From Eq. (7), it can be observed that for a given degree of hydration, the axial total stress reaches its maximum value when the peak value of a(n, j) is obtained. Based on the definition of strain hardening and softening, there is only one inflection point of a(n, j) (i.e., the inflection point corresponds to a(n, j s )). Then, j s can be derived through the first derivative test of a(n, j) with respect to the cumulative plastic strain j, namely:
Then, the value of the cumulative plastic strain when a(n, j) reaches its peak point can be derived (details on the derivation of j s are provided in Appendix A):
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Then, the true model on CPB strength can be derived by substituting Eq. (10) into Eq. (4):
With
It should be noted that (1) Eq. (11) represents the ''true'' CPB strength which incorporates the effect of pore pressure into the characterization of CPB strength. However, the common testing method of CPB strength (i.e., the UCS tests) records the axial total stress applied by the UCS device and then directly uses the peak value (i.e., r p À axial ) of the axial total stress to represent CPB strength (i.e., the nominal CPB strength). Therefore, both the nominal (Eq. (10)) and true (Eq. (11)) models on CPB strength are derived in this study, (2) because the tensile stress is considered to be positive in this study, the derived nominal and true CPB strength values from Eqs. (10) and (11) are negative. To follow the convention of strength analysis, a positive value of strength is adopted in the following sections, (3) as demonstrated in Eq. (11), the prediction of CPB strength requires pore pressure values and the corresponding degree of saturation values. Therefore, modelling and simulation of hydraulic processes in CPB are necessary. As previously discussed in the Introduction, CPB behavior is controlled by coupled THMC processes, namely, each physical process interacts with other processes. Hence, defining the hydraulic processes in CPB requires a fully coupled THMC model specific for CPB materials. In this regard, Cui and Fall (2015a) developed a fully coupled THMC model which can be used to predict the pore pressure and degree of saturation. More details on the coupled THMC model can be found in (Cui and Fall 2015a) .
Determination of Model Parameters
As demonstrated in the model on CPB strength (i.e., Eq. (11)), there are a series of model parameters that need to be determined. As discussed earlier in the Introduction, binder hydration plays a crucial role in the changes of the material properties of CPB. Therefore, a quantitative assessment of the progress of binder hydration should be first carried out. In this study, the exponential model proposed by Schindler and Folliard (2003) is adopted to characterize the development of binder hydration in CPB materials, which fully considers the effect of the mixture recipe (including water-to-cement ratio, addition of fly ash and blast furnace slag, cement type), curing temperature and curing time.
With s ¼ 66:78x
where w/wcÁc refers to the water-to-cement ratio; X FA and X slag denote the weight fraction of the fly ash and blast furnace slag to the total binder weight, respectively; T and T r represent the CPB temperature and its reference temperature; s and b respectively are the time and hydration shape parameters; E a is the apparent activation energy; R denotes an ideal gas constant; t is the curing time; x i represents the mass ratio of the i component to the total binder weight (i = C 3 A, C 3 S and SO 3 ); and X FA-CaO is the weight ratio of CaO to fly ash. As demonstrated in Eq. (11), the CPB cohesion changes with the degree of binder hydration (i.e., c B = c B (n)). To assess the changes in the cohesion of CPB materials, the following predictive function is proposed:
where M s1 , M s2 , M s3 , M c1 and M c2 are fitting parameters; S T represents the sulfide mass content with respect to the total mass of dry tailings; S w refers to the sulphate content in the mixing water; and C m is the cement content with respect to the total solid mass. Based on a regression analysis of the experimental values taken from direct shear tests (DSTs) reported in (Donovan 1999; Ghirian and Fall 2014; Koupouli et al. 2016 ), M s1 = -9.6, M s2 = 724.3, M s3 = -4.553, M c1 = 9507 kPa and M c2 = 3.2 in this study. As shown in Fig. 2 , the predicted cohesion is in good agreement with the experimental value (R 2 = 0.92) reported by Cui and Fall (2016a) and Sargeant (2008) . Moreover, as demonstrated in Eq. (13), the effect of the mixture recipe (cement content), sulphate content in the tailings and mixing water, and binder hydration are incorporated to determine CPB cohesion. In addition, due to the temperature dependence of binder hydration (see Eq. (12)), the effect of the thermal process is taken into account for determining CPB cohesion.
Similar to the changes in cohesion, it has been found that the internal friction angle can change with curing time (i.e., progression of binder hydration) (Veenstra 2013) . To evaluate the variations of the internal friction angle, the following predictive function is proposed:
where N i is a fitting constant (i = 0-3) which can be determined through regression analysis on the experimental values of DSTs on CPB samples with different curing times. Based on the reported data of the DSTs (Koupouli et al. 2016; Veenstra 2013) , N 0 = -0.33, N 1 = -176.9°, N 2 = 2 and N 3 = 174.2°are adopted in this study. A comparison between the experimental and predicted values of the internal friction angle is presented in Fig. 3 . It can be seen that there is a fairly good agreement between the predicted results and measured data published in (Cui and Fall 2016a; Fall and Nasir 2010; Rankine and Sivakugan 2007) (R 2 = 0.85).
To evaluate the contribution of the PWP to the changes in CPB strength, the bulk moduli K b and K s in Eq. (11) are required. The bulk modulus of the solid phase K s depends on the type of tailings. The bulk modulus of the porous media K b can be directly measured through isotropic compression testing (Luo et al. 2015) or determined by using the elastic modulus E and Poisson's ratio t of CPB (i.e.,
. In this study, the latter is adopted to describe the changes in K b . Previous studies on the stressstrain relation in CPB (Fall et al. 2007; Ghirian and Fall 2014; Rankine and Sivakugan 2007) found that the sulphate and cement contents, void ratio and degree of binder hydration have significant impacts on elastic modulus changes. Hence, the following equation is proposed to characterize the variations of E:
where f Ei is a fitting constant of the elastic modulus (i = 0-4); v 1 and v 2 respectively refer to the volume ratio of tailings and ultimate volume of cement paste relative to the total volume of the solid phase; E T and E u À p respectively represent the elastic modulus of the tailings, and the ultimate value of the elastic modulus of the cement paste at complete hydration; e and e 0 denote the void ratio and initial void ratio of the CPB, respectively. The variations in the void ratio e of CPB are controlled by the consolidation process.
To predict the volume change and the resultant void ratio, Cui and Fall (2016c) developed a multiphysics model on the consolidation process which is incorporated into the present study. More details on this model can be found in (Cui and Fall 2015b, 2016c) . The five fitting constants f Ei can be obtained through a regression analysis on the experimental data of E from the UCS tests of the CPB considered. In this study, the experimental data reported by Fall et al. (2007) and Ghirian and Fall (2014) are used to determine the fitting constants. Correspondingly, f E0 = -5.2, f E1 = 177.5, f E2 = 4.363, f E3 = -1.047 and f E4 = 3000 are adopted in this study. Moreover, E u À p can be determined by using a regression analysis on the experimental values of the elastic modulus of cement paste reported in (Janotka 2001; Lura et al. 2003; Ye et al. 2004) . Correspondingly, E u À p = 28.49 GPa is obtained in this study. In addition, the volume ratio v 1 and v 2 can be derived from a previous study on CPB conducted by Cui and Fall (2015a) : 
where v w , v c , v tailings , v ch-w and v ab-w represent the specific volume (i.e., the inverse of density) of water, cement, tailings, chemically combined water and physically absorbed water, respectively. For the values of the specific volume, v w , v c , and v tailings are constant when the mixture recipe is determined. Moreover, a previous study on cement paste (Brouwers 2004) proved that v ch-w = 0.72 cm 3 /g and v abw = 0.90 cm 3 /g, and the specific volume of these two types of water does not change for all types of cement. R n-w/n-whc.hc refers to the mass fraction of the chemically combined water and hydrated cement, and x i stands for the mass fraction of the clinker compositions of cement (i = C 3 S, C 2 S, C 3 A and C 4 AF). The good agreement (R 2 = 0.85) between the experimental values of the elastic modulus reported in (Ghirian and Fall 2016a; Wu et al. 2016) , and prediction results (Fig. 4) validates the predictive ability of the elastic modulus (i.e., Eq. (15)) proposed in this study.
Apart from the elastic modulus E (see Eq. (15)), the Poisson's ratio t is also important for determining the bulk modulus K b . Previous experimental studies on the Poisson's ratio of CPB (Abdelaal 2011 ) and cement paste (Bittnar 2006; Boumiz et al. 1996) observed that both binder hydration and cement content can affect the changes in t. Hence, the following predictive function is developed to describe the effect of the degree of binder hydration and cement content on t:
where N ti denotes the fitting parameters (i = 1-6), which are influenced by the type of CPB. Based on a regression analysis on the measured t reported in (Galaa et al. 2011) , -11.66 and N t6 = 0.7 in the present study. Figure 5 shows that the measured values reported by Abdelaal (2011) , Smilauer and Bittnar (2006) and Veenstra (2013) are well captured by the developed predictive function (Eq. (17)) and the coefficient of determination is 0.85. To predict the CPB strength, four material parameters B 1 , B 2 , B 3 and B 4 in the hardening and softening parameters a(n, j) should be determined as well. As already discussed in Sect. 3, the hardening/softening behavior of CPB becomes more obvious with curing time, which indicates that the four material parameters will change with the progression of binder hydration. To describe the effect of the binder hydration on the hardening/softening behavior, the following predictive functions developed by Cui and Fall (2016a) are adopted in this study.
where R ai is a fitting constant (i = 1-12) and depends on the type of CPB. R a1 = -0.05, R a2 = 4.178, R a3 = 0.071, R a4 = -200, R a5 = 10, R a6 = 360.5, R a7 = 832.3, R a8 = 3, R a9 = 110, R a10 = 260.1, R a11 = 3.5 and R a12 = 80, as suggested by Cui and Fall (2016a) are adopted in this study. As discussed previously, the initial sulphate content in CPB can significantly affect the strength development in CPB mass. To capture its effect, the sulphide content, S w , or the sulphate content, S w , is incorporated into the predictive functions (Eqs. 13, 14 and 15) of material properties (i.e., cohesion c B , internal friction angle / B , and elastic modulus E). The predictability of the proposed predictive functions has been validated by the good agreement between predicted results and reported experimental data (re: Figs. 2, 3, and 4) . Meanwhile, the elastic modulus determines the rate of change of effective stress with respect to strain, and thus affects the stress level in CPB for a given strain value. Moreover, as indicated in Eq. (1), the cohesion c B and internal friction angle / B dominate the shape of initial yield function (i.e., the initial strength without the contribution of strain hardening behavior). Therefore, through the incorporation of sulphate content into material properties, the effect of sulphate content on the CPB strength can be captured by this proposed multiphysics model.
Model Validation
To validate the predictive ability of the developed multiphysics model on CPB strength, a series of case studies were examined at both the laboratory and field scales. The developed model was implemented into a finite element method (FEM) code (Comsol, 2015) . Moreover, to assess the sensitivity of the developed model to curing conditions including curing time and initial CPB temperature, the authors also performed a series of laboratory experiments including monitoring the temperature and suction changes in CPB and related measurements of UCS values of CPB with different curing times and initial temperatures.
It should be noted that there are two ways to apply the developed model on CPB strength. First, the multiphysics model on strength (i.e., Eq. (11)) can be directly used to predict CPB strength if the mixture recipe, PWP, pore-air pressure and temperature are given for the CPB samples. Otherwise, as already mentioned in Sect. 4 (i.e., Determination of Model Parameters), the fully coupled THMC model (Cui and Fall 2015a) and multiphysics model on consolidation (Cui and Fall 2016c) can be used to predict the pore pressure and temperature changes in CPB. In this study, the latter is adopted for the following case study and model application.
Case Study 1-Changes to CPB Strength with Different Initial Temperatures
Due to changes in geographical locations (e.g., warm to permafrost regions), underground mine depth, rock mass conditions and seasonal changes, the prepared fresh CPB may have different initial temperatures (Célestin and Fall 2009; Nasir and Fall 2010) . Moreover, previous studies have shown that CPB strength can considerably change at the early ages (Belem et al. 2000; Fall et al. 2015) . Therefore, to study the short-term changes in CPB strength under different initial temperatures, a laboratory monitoring and testing program is conducted in this study. For the laboratory experiment, CPB samples were prepared with three different initial temperatures of 5, 25, and 35°C. The mixture recipe for preparing the CPB samples is provided in Table 1 . The ground silica tailings were adopted to prepare CPB samples in this study. This is because (1) the silica tailings consist essentially of quartz, and thus the silica tailings will eliminate the uncertainties related to natural tailings (Ghirian and Fall 2015; Jiang et al. 2017) ; (2) moreover, quartz is one of the primary minerals found in Canadian hard-rock mine tailings (Aldhafeeri and Fall 2017; Cui and Fall 2015b) , and thus it is reasonable to utilize silica tailings to study the CPB strength; (3) in addition, previous studies (Jiang et al. 2016; Wu et al. 2016) have demonstrated that the grain-size distribution of silica tailings is close to the average of nine Canadian hard-rock mine tailings.
After mixing, the fresh CPB with different initial temperatures was poured into a cylindrical mold (10 cm in diameter 9 20 cm in height) in the laboratory. To imitate the slow rate of heat exchange between the CPB and rock mass in a stope (Wang and Fall 2014) , a glass wool blanket with a thickness of 50 mm was used to cover the cylinder mold. The corresponding properties of the adopted thermal insulation material of the glass wool blanket are listed in Table 2 .
Then, the CPB samples with different curing times (including 1, 3 and 7 days) were used to investigate the development of strength. When the target curing time was reached, the CPB samples were removed from the cylinder mold and trimmed into standard cylindrical specimens that were 50 mm in diameter and 100 mm in height. For trimming the CPB specimens, the jigsaw blade was first adopted to cut the bases of the samples. Then, the final test specimens were obtained using a utility knife and an adjustable sample trimmer to scrape the curved face of the CPB specimens. In addition, to ensure the precise diameter and height of cylindrical specimens, a digital fractional caliper was employed during the trimming process. Then, UCS testing was performed on them in accordance with ASTM C39. To ensure the repeatability of the testing results, three samples were tested for each curing time and each initial temperature. Meanwhile, to further study the changes in strength and related influential factors, the suction and temperature changes were monitored (see Fig. 6 ). Specifically, suction meters (Model: MPS-2; Decagon) and temperature sensors (Model: 5TE; Decagon) were adopted to record the suction and temperature changes in the CPB samples.
The developed model was then implemented in COMSOL to predict the CPB strength, and an axisymmetric geometry model was adopted to represent the cylindrical mold and thermal insulation material (see Fig. 7 ). The adopted initial values and boundary conditions are provided in Table 3 .
A comparison of the predicted CPB strength and measured values is presented in Fig. 8 . It can be observed that (1) as expected, the curing time plays a significant role in changes to the CPB strength. As the curing time increases, a higher value of the strength is obtained, mainly because, as mentioned earlier, the bonding strength will progressively improve with the precipitation of the hydration products between the tailings particles. Consequently, CPB strength demonstrates an increasing trend with curing time. However, it should be noted that the time rate of change of CPB strength decreases with curing time, which is attributed to the decrease in the rate of hydration with curing time. In this regard, the PWP changes (Fig. 9a) in the CPB can further prove the reduction of the rate of binder hydration with time. As can be seen in Fig. 9a , both the simulated and monitored PWP demonstrate a reduction with curing time. However, the rate of change of the PWP (i.e., the curved slope) becomes smaller with time. Since water drainage and evaporation on the top surface of the CPB sample are not wt% weight percentage of cement to total solid weight; W/C ratio water-to-cement ratio. allowed in this cell test, the resultant variation of the PWP in the CPB sample is controlled by the pore-water consumption caused by binder hydration (i.e., self-desiccation process). Therefore, the changes in the PWP are directly associated with the variations in the rate of hydration in the CPB, namely a decrease in rate of hydration occurs with curing time, (2) both the simulated results and measured values indicate that the initial CPB temperature can affect the CPB 
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strength, especially at the very early ages. This is due to the temperature dependence of the rate of binder hydration (Cui 2017; Cui and Fall 2017c) . Specifically, the different initial temperatures can significantly affect temperature changes in CPB samples at the very early ages (especially the first 2 days, see Fig. 9b ). Correspondingly, the resulting degree of hydration of the CPB samples with different initial temperatures differs. As a result, a higher temperature can accelerate the development of binder hydration, and thus generate more hydration products Wu et al. 2013) . Therefore, higher CPB strength is observed in CPB with a higher initial temperature. In addition, as shown in Fig. 9b , the temperature in all of the CPB samples gradually approaches room temperature (i.e., 22°C) after approximately two-days of curing. Correspondingly, as indicated in Fig. 8a , the difference in CPB strength becomes smaller with reduced temperature differences. However, due to the contribution of the PWP to the CPB strength (see Fig. 9a ), there is still a small difference in the CPB strength among the CPB samples at the same room temperature even after two-days of curing, (3) it can be found that in Fig. 8b , the changes to the CPB strength can be well captured by the developed model on strength (the coefficient of determination is 0.97). Therefore, the developed model can be used to predict the development of CPB strength with different curing times and initial temperatures.
Case Study 2-Changes to CPB Strength with Different Sulphate Contents
Due to the inhibition of cement hydration by sulphate ions (Li and Fall 2016) , previous experimental studies (e.g., Ercikdi et al. 2009; Fall and Benzaazoua 2005) on CPB have observed that the sulphate content in the mixing water has a significant effect on the development of CPB strength. To further validate the developed model for CPB materials with different sulphate contents, the experimental data reported in (Li and Fall 2016) were collected and then compared with the predicted results. The adopted mixture recipe and the design of the testing program for this experimental study are provided in Tables 4 and 5, respectively. Simulation with the developed model was carried out based on the design of the testing program. An axisymmetric geometry model was adopted to simulate the CPB sample (see Fig. 10 ), and the adopted initial values and boundary conditions were the same as those in Case Study 1. Figure 11 is a comparison between the predicted results and measured values of CPB strength with different sulphate contents. As shown in Fig. 11a , both the simulated results and measured values indicate that the sulphate content can significantly affect CPB strength. Specifically, with an increase in the sulphate content in the mixing water, the negative effects on CPB strength become more obvious. For example, compared with the values of CPB strength (677 kPa) obtained from the CPB control sample (i.e., sulphate content = 0 ppm) with a curing time of 28-days, the predicted CPB strength respectively reduces to 619 kPa for 5000 ppm of sulphate, 517 kPa for 15,000 ppm, and 431 kPa for 25,000 ppm. As mentioned, the reduction in CPB strength with increased sulphate content is due to the inhibition of the binder hydration by the sulphate ions. In addition, as can be seen in Fig. 11b , an excellent agreement (R 2 = 0.98) is obtained between the experimental values and predicted results. Therefore, the developed model is able to determine the effects of sulphate content on the development of CPB strength for the curing times considered in this study (up to 28 days).
In addition, based on previous studies (Cihangir et al. 2012 (Cihangir et al. , 2015 on the effect of sulphate content on CPB strength, a strength loss was observed in CPB with long-term curing period due to the acid and sulphate attack. As shown in Fig. 11a , the adverse effect of sulphate content on CPB strength was considered in this proposed model. However, it should be noted that the long-term adverse effect of sulphate content on CPB strength (i.e., the strength loss phenomenon) was not incorporated in this study. This effect should be included in future model developments.
Case Study 3-Long-Term Strength of CPB with Various Cement Contents
As per the requirements of CPB design for mechanical stability and cost management, the binder content adopted in a backfilled stope may differ from one to another. To study the effects of cement content on the changes to CPB strength, extensive laboratory experiments have been carried out e.g., Fall et al. 2008) . Therefore, to validate the predictive ability of the developed model for CPB with different cement contents, the laboratory experiment conducted by Belem et al. (2000) and the reported data are adopted in this study. Three different weight percentages of cement (including 3, 4.5 and 6 wt%) were considered in Belem et al. (2000) . Details on the mixture recipe and the testing program are provided in Tables 6 and 7 , respectively.
It should be noted that, in this experiment, the fresh CPB was first poured into a sample mold with a diameter of 10 cm and height of 20 cm. Then, the CPB sample was taken out and trimmed into standard specimen size (5 cm (D) 9 10 cm (H)) for UCS testing. Therefore, an axisymmetric geometry is used to simulate the CPB sample (see Fig. 12 ). The same boundary conditions as those of Case Study 1 are adopted. wt% weight percentage of cement to total solid weight; W/C ratio water-to-cement ratio.
A comparison between the predicted results and experimental values of CPB strength is presented in Fig. 13 . As can be seen in Fig. 13a , the developed model on CPB strength is sensitive to the changes in cement content. For instance, compared with the predicted strength (410 kPa) of CPB with a cement content of 3% and curing time of 91-days, the simulated CPB strength is increased by approximately 50% for a cement content of 4.5% (strength = 616 kPa), and by around 100% for a cement content of 6% (strength = 821 kPa). Therefore, the developed model can simulate the improvements in CPB strength with increased cement content. Moreover, it is apparent by looking at Fig. 13a that the time rate of change of CPB strength decreases with curing time regardless of the cement content, which is consistent with the findings obtained in Case Study 1. The reason has been discussed earlier. In addition, the good agreement between the simulated results and measured values (see Fig. 13b ) proves the predictive ability of the developed model for long-term CPB strength with different cement contents. wt% weight percentage of cement to total solid weight; W/C ratio water-to-cement ratio.
Model Application
As demonstrated in Sect. 5, the developed model is able to evaluate the changes to CPB strength with different curing ages and mixture recipes in a satisfactory manner. Therefore, a series of engineering applications with the model are carried out in this section to investigate the changes in CPB strength in the field under various conditions, including different stope geometries, inclination angles, backfilling strategies and filling rates. The adopted initial values and boundary conditions are listed in Table 8 .
Moreover, a control stope with dimensions of 8 m (W) 9 16 m (H) was used as a reference. The barricade structure (4 m (W) 9 4 m (H)) is located at the base of the stope (see Fig. 14) . All of the numerical investigations were carried out by specifically modifying the control stope. The monitored point is located at the bottom of the stope. Moreover, to demonstrate the influence of the fill height on changes to the CPB strength, the middle of the CPB mass (i.e., 8 m away from the stope base) was examined, and a relevant discussion is presented in Sect. 6.1.
In addition, it should be noted that the investigated CPB strength in the following subsection refers to the ''true'' CPB strength, namely the effects of coupled THMC processes that occur in CPB are fully considered.
Effect of Stope Size
Due to the different stoping methods and mining plans, the stope geometrical size may vary from one stope to another. To investigate the effect of stope geometry on the development of CPB strength, a range of stope sizes: 5 m (W) 9 10 m (H), 8 m (W) 9 16 m (H), and 10 m (W) 9 20 m (H), are considered in this study. Moreover, the same filling strategy (i.e., filling in two stages with 1-day plug), filling rate (0.5 m/h), barricade size, boundary and initial boundary conditions (see Table 8 ) are adopted for these three investigated stope sizes. Figure 15 shows the effect of the stope size on the strength development in CPB. The CPB strength is represented with normalized strength (i.e., CPB strength at any time/CPB strength obtained for 160-day CPB). Here, it is assumed that after 160 days, there is no significant increase in CPB strength with curing time, namely, the 160-day strength is the ultimate CPB strength. From Fig. 15 , it can be clearly seen that (1) CPB strength along the center line of the stope is higher relative to that near the surrounding rock walls, which is consistent with the findings in a previous study on CPB strength . Moreover, the nonuniform distribution of CPB strength becomes more obvious with time. This is partly because of the PWP changes in the CPB due to the self-desiccation process. With progression of pore-water consumption caused by binder hydration, and water drainage through the barricade, the PWP will change with time and thus affect the development of the CPB strength. Moreover, as discussed earlier in Case Study 1, the CPB strength is sensitive to variations in temperature. The temperature changes are determined by the heat transfer between the CPB and rock mass, and heat generated by binder hydration. As a result, the changes in temperature can further contribute to non-uniform distribution of CPB strength in fill mass. (2) The stope size has a significant effect on the development of CPB strength. Specifically, higher strength is obtained in a larger stope at a given curing age, which is consistent with the results of previous study on CPB strength . This is mainly attributed to more heat generated within larger CPB mass, which can further leads to the increase in temperature, and thus the development of CPB strength. However, it should be noted that the effect of stope size on the strength is also a function of the binder content of the CPB considered. For low binder content, Fig. 16 reveals that the strength for smaller stope is higher than the strength of larger stope (higher height). This is because with the decrease in binder content, the amount of heat released by binder hydration will be reduced, which, in turn, weakens the effect of thermal process on the development of CPB strength. Moreover, the pore-water loss induced by binder hydration (i.e., self-desiccation process) decreases with a reduction of the binder content. Consequently, smaller stope with lower total stress can result in higher effective stress with respect to similar changes in PWP. Therefore, higher strength is observed in small stope with the decrease of cement content. Therefore, the obtained results further verify that a reliable evaluation of in situ CPB strength requires an evaluation of the multiphysics processes in the field (i.e., the modelling and simulation of field behavior of CPB).
Moreover, to demonstrate the effect of the fill height on the variations in CPB strength, a comparison of the prediction results at the bottom and middle of the control CPB mass is plotted in Fig. 17 . The obtained results indicate that (1) at the very early ages, higher strength is formed at the bottom of the CPB mass compared to the middle of the CPB mass. This is because relatively fresh CPB is found higher on the filled stope due to the backfilling operation which is continuous or done by sequences. As a result, CPB found lower on the filled stope requires a longer curing time compared to that found higher on the stope. Hence, binder hydration can advance more at the bottom of the CPB, which contributes to the further enhancement of CPB strength; (2) after around 4-days of curing, the CPB strength at the middle of the CPB mass progressively increases as opposed to that at the bottom of the CPB mass. This can be attributed to the dissipation of the PWP caused by water drainage through the barricade and water consumption caused by binder hydration. With pore-water loss, a lower PWP appears at the middle of the CPB mass and thus contributes to the improvement of the CPB strength to a larger extent. Therefore, greater CPB strength gradually develops in the middle of the CPB mass with curing time.
Effect of Inclination Angles of Stope
Due to influence of ore bodies, the resultant stopes may have various inclination angles (Cui and Fall 2017c; Li and Aubertin 2009) . Hence, the effect of inclined stopes on strength development is investigated in the present study. The inclination angles of the control stope were respectively set to 90°, 70°and 50°. Figure 18 shows the prediction results of CPB strength for these three inclination angles. It can be seen that the inclination angle has a very limited effect on the changes in CPB strength. However, for the spatial distribution of CPB strength (see Fig. 19 ), inclined stopes (i.e., Figure 19a , b) can form a larger area with higher CPB strength compared to a vertical stope (Fig. 19c) .
Effect of Backfilling Strategy
Due to the differences in mining operations, CPB recipe and stope geometry, the adopted filling strategy (i.e., continuous filling or filling carried out in stages) may vary from one site to another in backfilling practices (Veenstra et al. 2011) . For instance, filling operations carried out in two stages with a plug layer cured for 1 day or more are commonly adopted (Ghirian and Fall 2013) . The adopted backfilling strategy can directly affect filling time and thus mine cycle and productivity. Therefore, it is important to investigate the effect of the filling strategy on the development of early strength of CPB. In this study, both continuous filling and filling carried out in stages with 1-and 2-day plug layers are respectively investigated in the control stope. For these three cases, the adopted filling rate is 0.5 m/h. A comparison of the development of early-age strength in the control stope with the different filling strategies is presented in Fig. 20 . It can be observed that a higher CPB strength is obtained in the plug layer with longer curing time. Specifically, the plug normalized strength reaches approximately 3 and 9% for the 1-and 2-day plug layers, respectively, while there is no significant development of CPB strength for the continuous filling case. This is because filling operations carried out in stages allow a longer curing time of the CPB in the stope. Therefore, the binder hydration, heat transfer between the CPB and rock mass, water loss caused by the self-desiccation process and water drainage through the barricade are increased. Consequently, a higher CPB strength can be realized with filling operations carried out in stages with a longer curing time of the plug layer. The lower CPB strength at the early-ages associated with continuous filling could increase the cost of the barricade structure and the risk of CPB liquefaction (Abdelaal 2011) , so improving CPB strength with a longer curing time of the plug layer is important for CPB stability. However, it should be noted that the filling operations carried out in stages with longer curing time of the plug layer will increase the total filling time and thus affects the mining cycle. 
Effect of Filling Rate
Apart from the filling sequences, the backfilling rate is another important factor which should be considered during CPB design. Changes in filling rates may result in different curing times for CPB material and thus affect CPB strength. In addition, similar to filling strategies, the filling rate also affects the mining cycle and productivity (Veenstra et al. 2011) . Therefore, an investigation of filling rates (including 1, 0.5 and 0.25 m/h) on the development of CPB strength is carried out in this study. A comparison of the CPB strength in a stope subjected to different filling rates is shown in Fig. 21 . It can be seen that, as expected, higher early-age strength is obtained in CPB with a slower filling rate. For example, after the rest period of the plug layer (i.e., 31 h for 1 m/h, 38 h for 0.5 m/h and 52 h for 0.25 m/h), the normalized CPB strength reaches approximately 1, 3 and 7%, respectively. Moreover, similar to the filling strategy, the effect of the filling rate also has significant impacts on the spatial distribution of early-age strength in the control stope (see Fig. 22 ). As shown in Fig. 22 , higher CPB strength is formed with reduced rate of filling. This is because as discussed previously, slow backfilling process can result in longer curing time for a given filling height, and thus contribute to the development of CPB strength. As a result, the ability of a CPB structure to resist potential failures (e.g., barricade failure or CPB liquefaction) can be much improved.
Conclusions
In this study, a multiphysics model on CPB strength is developed to numerically simulate the development of CPB strength under the influence of coupled THMC processes. This developed model on CPB strength is coupled with a THMC model (Cui and Fall 2015a ) and a multiphysics Fig. 15 Effect of stope size on spatial distribution of the strength CPB with higher binder content (Cement content 100 kg/m 3 i.e., 9.6 wt%).
International Journal of Concrete Structures and Materials model on consolidation (Cui and Fall 2016c) . Moreover, the effect of binder hydration, mixture recipe, tailings and mixing water (i.e., sulphate content) are fully considered for determining the material properties. The related model coefficients are determined with measurable parameters.
To validate the proposed model, the authors performed a laboratory monitoring and testing program to study the effects of the initial temperature on CPB strength. The good agreement between the prediction results and experimental values confirms the feasibility of the developed model. In addition, the model is further validated against experimental data reported in the literature. The results demonstrate not only the accuracy of the model for predictions, but also its sensitivity to the CPB temperature and mixture recipe (including the sulphate contents in the mixture water and cement content).
In terms of the model application, the obtained results demonstrate that the stope size, backfilling strategy and filling rate can significantly affect the development of in situ CPB strength. Moreover, the inclination angle has little influence on the amount of CPB strength. In addition, the developed model can well capture the effect of filling rate on the development of early-age strength in fill mass. Therefore, the developed multiphysics model on CPB strength can be used as a useful tool for an optimal design of CPB structures and reliable analysis of their mechanical stability. To derive a closed-form solution to Eq. (A.5), Taylor series expansion is applied to the exponential term (i. ðA:8Þ
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It should be pointed out that the discriminant term (i.e., the square-root part of Eq. (A.8)) is greater than zero based on the allowed range of values of B 2 and B 4 (see Eq. (18)). Moreover, based on the definition of cumulative plastic strain j s , the solution with ''plus'' discriminant is adopted to determine the cumulative plastic strain corresponding to the peak stress (i.e., the nominal CPB strength). Pore-air mass balance equation: where / denotes CPB porosity; q i refers to the density (i = air, water and solid); e v represents the volumetric strain; k is the intrinsic permeability of CPB; k rw and k ra respectively stands for the relative permeability of pore water and pore air; l w and l a refer to the dynamic viscosity of pore water and pore air; g is the acceleration of gravity; m hc0 denotes the initial cement mass; C i refers to the specific heat capacity (i = air, water and solid); k eff represents the effective thermal conductivity; v rw and v ra respectively refer to Darcy's velocity of pore water and pore air; H c is the total heat released by hydration; C b stands for the apparent binder density relative to the total volume of the CPB mixture. The detailed information on the development of constitutive relations and determination of prediction functions of material properties for the fully coupled THMC model are provided in (Cui and Fall 2015a ).
Appendix C. Multiphysics Consolidation Model
The multiphysics consolidation model (Cui and Fall 2016c) was derived from the principle of pore space continuity (i.e., volume change of solid phase and skeleton must equal the volume change of pore water and pore air):
Àa Biot P a À P w ð Þ 1 À 2t b E b 1 À S e P w ; P a ; n ð Þ ½ oh r on þ e 1 þ e À h r oS e on & ' where S e refers to the effective degree of saturation (i.e., S e = (h -h r )/(h -h r )(h s -h r ).(h s -h r ), h, h s and h r are the volumetric, saturated and residual water contents, respectively); k is a non-negative plastic multiplier; Q CTB is a plastic potential function; a Ts is the coefficient of the thermal expansion (CTE) of the CPB solid phase. Detailed information about the consolidation model is provided in (Cui and Fall 2016c ).
